Abstract Cognitive flexibility, a core aspect of executive functioning, is required for the speeded shifting between different tasks and sets. Using an interindividual differences approach, we examined whether cognitive flexibility, as assessed by the Delis-Kaplan card-sorting test, is associated with gray matter volume (GMV) and functional connectivity (FC) of regions of a core network of multiple cognitive demands as well as with different facets of trait impulsivity. The core multiple-demand network was derived from three large-scale neuroimaging meta-analyses and only included regions that showed consistent associations with sustained attention, working memory as well as inhibitory control. We tested to what extent self-reported impulsivity as well as GMV and resting-state FC in this core network predicted cognitive flexibility independently and incrementally. Our analyses revealed that card-sorting performance correlated positively with GMV of the right anterior insula, FC between bilateral anterior insula and midcingulate cortex/supplementary motor area as well as the impulsivity dimension ''Premeditation.'' Importantly, GMV, FC and impulsivity together accounted for more variance of card-sorting performance than every parameter alone. Our results therefore indicate that various factors contribute individually to cognitive flexibility, underlining the need to search across multiple modalities when aiming to unveil the mechanisms behind executive functioning.
Introduction
Executive functioning is a construct that is widely used across many fields of psychology. Despite its significance, however, it lacks a clear formal definition. One important contribution to this observation is the fact that there is not one type of ''executive functioning'' but rather different aspects of mental functioning are all consolidated under this term. That is, the construct of executive functioning refers to different functions and aspects, important for planned, controlled and goal-directed behavior. One of the core aspects of executive functions is cognitive flexibility, which can be regarded as the ability to consider multiple concepts successively or simultaneously and thus to switch between tasks and sets in a quick and flexible manner (Diamond 2013) . Cognitive flexibility is thus a prerequisite for various other mental functions and an important factor which is not only associated to aspects of intelligence, but, e.g., also to creativity (Diamond 2013) .
One of the main reasons why ''executive processes'' such as cognitive flexibility have remained rather elusive concepts is that most tasks used to probe them require the interaction of several mental processes that can hardly be Electronic supplementary material The online version of this article (doi:10.1007/s00429-014-0797-6) contains supplementary material, which is available to authorized users. dissociated from each other. Put differently, executive functioning involves several different cognitive components while conversely different lower-level processes contribute to (higher-order) executive functioning. Thus, the construct has been operationalized by different subcomponents interacting with each other dependent on task demands. Miyake et al. (2000) for example postulate that three separable functions (updating, shifting and inhibition) provide the main contribution to higher-order executive functioning. Similarly, Alvarez and Emory (2006) also specify three components in their review, namely working memory, attention and inhibition, underlying executive functioning. Executive functioning may thus be regarded as an interplay of processes mediating attentional, inhibitory as well as working memory-related capacities. While the contribution of these may vary depending on the particular task, all executive functions, however, should depend on resources from attention, inhibition and working memory.
There are a lot of studies investigating the neural correlates of executive functioning, and the involvement of individual regions varies substantially across the different executive tasks employed in these. However, there is a lot of evidence that the prefrontal cortex is one of the key regions in executive functioning (Buchsbaum et al. 2005;  for review see Alvarez and Emory 2006; Nyhus and Barcelo 2009) . Human lesion studies, for example, demonstrate that disruptions of prefrontal cortex go along with deficits in goal-directed planning and behavior (Tsuchida and Fellows 2013;  for review see Alvarez and Emory 2006) . In addition, functional magnetic resonance imaging (fMRI) studies report mainly but by far not exclusively frontal activation during tasks requiring executive control (Buchsbaum et al. 2005 ; for review see Alvarez and Emory 2006; Nyhus and Barcelo 2009) , indicating a distributed network centered on the frontal cortex subserving executive functions. The contribution of individual regions to the different tasks and processes related to executive functioning, however, is still a matter of conjecture. Based on the above-mentioned concept of lower-level sub-processes contributing to higher-level executive functioning, we would argue that a core network of executive functions can be defined as encompassing those regions which are convergently involved in attention, inhibition as well as working memory. That is, regions, which play a key role in those processes, contribute to executive control. In line with this view, a multiple-demand system (Duncan 2010) has been suggested, consisting of frontal but also parietal brain regions, which show conjoint activation across multiple cognitive tasks. However, how this network is related to performance in specific tests of executive functioning (like a test measuring cognitive flexibility) remains to be investigated.
Most studies investigating the neural correlates of cognitive flexibility have primarily focused on brain regions, which are more activated during cognitively demanding conditions, as compared to less demanding ones. However, it can be assumed that task performance also depends on structural factors like the amount of gray and white matter in a given region as well as the structural and functional coupling between task-relevant regions. In other words, anatomical and functional brain organization, which is measured in the absence of an external task, might have an influence on executive performance. For example, it has been shown that gray matter volume (GMV; Fine et al. 2009 ; for review see Kanai and Rees 2011) , structural (Bonnelle et al. 2012 ; for review see Kanai and Rees 2011) but also functional connectivity (FC; Hampson et al. 2006; Seeley et al. 2007 ) are related to cognitive performance.
In addition to GMV and FC, there are other taskunspecific factors, which might affect executive functioning, for example individual personality characteristics. Indeed, correlations have been found between different personality dimensions (Flehmig et al. 2010; Aiken-Morgan et al. 2012; Soubelet and Salthouse 2011; Sutin et al. 2011 ) and neuropsychological measures of executive functioning. Previous personality research, however, has strongly focused on the Big Five, while other personality factors have been rather neglected. In particular, impulsivity, however, long treated as an aspect of Extraversion (Eysenck 1967) , has recently received more and more attention. In fact, it has been argued that most of the variance of the relationship found between Extraversion and cognitive performance can be explained by impulsivity (Dickman 1993) . In line with this view, virtually all disorders associated with high impulsivity go along with executive deficits (Gonzalez-Gadea et al. 2013; Haaland and Landro 2009; Verdejo-Garcia and Perez-Garcia 2007; Albein-Urios et al. 2012; van der Plas et al. 2009; Cunha et al. 2010) . Finally, according to Dickman (1993) , highand low-impulsive individuals differ in their ability of shifting attention. Thus, cognitive flexibility as a core aspect of executive functioning might especially be influenced by impulsivity.
The above-described relationships now raise the question whether different, task-unspecific measures of brain architecture as well as interindividual differences in impulsivity represent converging or complementary contributions to executive functioning. Thus, the conjoint investigation of all these aspects should shed further light on how interindividual differences in executive functioning can be explained by different neural and personality factors.
The aim of the current study is therefore to investigate how regions of the multiple-demand system (regions involved in attention, inhibition and working memory) relate to the specific performance in a particular test (i.e., a test measuring cognitive flexibility). In particular, it will be assessed whether GMV and FC within this core network as well as impulsivity are related to cognitive flexibility. Furthermore, the study aims to clarify whether personality traits and neural parameters together predict behavioral performance better than each parameter/score alone.
Methods

Participants
Data were obtained from the Nathan Kline Institute 'Rockland' sample, which is available online as part of the International Neuroimaging Datasharing Initiative (http:// fcon_1000.projects.nitrc.org/indi/pro/nki.html). Reanalysis of this data was approved by the Ethics Committee of the Heinrich Heine University Düsseldorf. The 'Rockland' sample is a cross-sectional sample, consisting of neuroimaging and neuropsychological test data from healthy individuals between 4 and 85 years. For the current project, only data from participants aged between 18 and 85 years without any previous neurologic or psychiatric disorder and without any clinically relevant test characteristics [for example, a score in the beck depression inventory (BDI) higher than 18] were included. Furthermore, three subjects were excluded because of incomplete data. In total, the sample consisted of 128 healthy subjects between 18 and 85 years (mean age 42.35, SD ±18.23 years; 52 female).
Definition of the multiple-demand network
To determine the multiple-demand network, which is involved in tasks requiring working memory, attention and inhibition, we performed a conjunction across the results of three large-scale neuroimaging meta-analyses related to vigilant attention (Langner and Eickhoff 2013) , working memory (Rottschy et al. 2012 ) and inhibitory control , respectively. That is, by using the conservative minimum statistics (Nichols et al. 2005) , the intersection of the thresholded maps derived from the three meta-analyses was computed and thresholded by a minimum cluster size of 50 voxels, yielding a core network defined by regions significantly involved in all three processes.
Measures
MRI: gray matter volume
Structural T1-weighted magnetic resonance images were acquired on a Siemens 3-T (TimTrio) scanner [repetition time (TR) = 2,500 ms, echo time (TE) = 3.5 ms, flip angle = 8°, in-plane resolution = 1.0 9 1.0 mm]. Images were analyzed and processed using SPM8 (http://www.fil. ion.ucl.ac.uk/spm/software/spm8/) and the VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm/download/) using standard settings. Within a unified segmentation model (Ashburner and Friston 2005), images were corrected for biasfield inhomogenities; brain tissue classified into gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF); adjusted for partial volume effects and spatially normalized to the Montreal Neurological Institute (MNI) template. Furthermore, the segmented images were nonlinearly modulated in order to adjust them to the amount of expansion and contraction, which was applied during normalization. Voxel-wise gray matter volume (GMV) was then calculated and extracted for each participant and every cluster of the core multiple-demand network. This was done by integrating the modulated voxel-wise gray matter probabilities under each cluster. Importantly, as we did not multiply the segmented images by linear components but rather modulated the images by the nonlinear components only, the calculated GMV represents the amount of gray matter corrected for individual brain size.
Functional MRI: resting state
Resting-state fMRI images were acquired on a Siemens 3-T (TrioTim) scanner using blood-oxygen-level-dependent (BOLD) contrast [gradient-echo Echo-planar Images (EPI) pulse sequence, TR = 2,500 ms, TE = 30 ms, flip angle = 80°, in-plane resolution = 3.0 9 3.0 mm, 38 axial slices (3.0 mm thickness), covering the entire brain] and likewise processed using SPM8: The first four dummy scans were discarded to allow for magnetic field saturation. EPI images were corrected for head movement by affine registration using a two-pass procedure in which images were first aligned to the initial volumes and subsequently to the mean of all images. Next, for each participant, the mean EPI image was spatially normalized into MNI space by using the ''unified segmentation'' approach (Ashburner and Friston 2005 ). The ensuing deformation was then applied to the individual EPI volumes and images smoothed by a 5-mm full-width at half-maximum Gaussian kernel to improve the signal-to-noise ratio and to compensate for residual anatomical variation. The activity time series of each voxel was processed as follows (Müller et al. 2013) : Spurious correlations were reduced by excluding variance that could be explained by the following nuisance variables: (1) the six motion parameters derived from image realignment; (2) their first derivatives; (3) mean GM, WM and CBF intensities (i.e., each tissue-class-related signal separately). All nuisance variables entered the model as first-and secondorder terms (cf. Satterthwaite et al. 2013 for an evaluation of this framework). Finally, the data were band-pass filtered with cutoff frequencies of 0.01 and 0.08 Hz. The time course for each of the regions of the multiple-demand network (see Fig. 1 ) was then extracted for each participant as the first eigenvariate of all GM voxels within the volume of interest. For each participant, linear Pearson's correlation coefficients between all extracted time series were computed, and these voxel-wise correlation coefficients were transformed into Fisher's Z-scores. These scores represent the functional connectivity (FC) for each connection within the core multiple-demand network in the individual participant.
As this resulted in 21 functional connectivity scores within the network, we first performed a principal component analysis (PCA) in order to determine sub-networks. This data reduction is not only highly warranted to reduce the need for multiple comparisons but at the same time also addressed another important issue in the analysis of restingstate connectivity, namely the fact that FC values for different connections are highly intercorrelated. The applied PCA thus allowed us to extract and test the relevant patterns of FC within the assessed network rather than assessing multiple highly related individual connections. Based on the PCA decomposition, we then calculated mean functional connectivity scores for each resulting component. In particular, based on the factor loadings, we first assigned each individual connection to one of the components. Then, for each component, a mean functional connectivity score across the Fisher's Z-scores of all assigned connections (weighted with its factor loading) was calculated.
Measure of impulsivity
The revised version of the UPPS Impulsive Behavior scale (Whiteside and Lynam 2001) was used as a measure of the individual amount of impulsivity. The UPPS consists of 59 items, which assess five different facets of impulsivity: Premeditation, Perseverance, negative Urgency, positive Urgency and Sensation Seeking. While Premeditation reflects the tendency of an individual to carefully think and plan actions, Perseverance assesses the ability of an individual to finish tasks and to avoid boredom. Importantly, higher scores on those two scales reflect higher impulsivity and can therefore be regarded as lack of Premeditation or Perseverance, respectively. Negative Urgency measures a person's tendency to engage in rash actions as a result of negative affect, whereas positive Urgency reflects the tendency of rash actions in response to positive affect. Finally, Sensation Seeking measures an individual tendency and openness for excitement and adventure (Whiteside and Lynam 2001) .
Delis-Kaplan executive function system: card-sorting test
As card-sorting procedures are the most frequently used tests for assessing executive functioning (Alvarez and Emory 2006) , we chose the sorting test of the Delis-Kaplan executive function system (Delis et al. 2001 ) out of the possible behavioral data available for the NKI sample. The sorting test measures different components of problemsolving abilities but is thought to reflect in particular cognitive flexibility (Delis et al. 1992) . The test consists of two different conditions, a spontaneous and a structured condition. In the spontaneous sorting condition, participants are asked to sort a set of cards into two piles and describe the strategy they are using for the sort. This should be repeated several times but by using a different strategy in every new sort. Subjects are instructed to work quickly (maximum of 4 min) and to generate as many different sorts as possible (but are only allowed to attempt 10 sorts). Importantly, no feedback is given, and the task is just to sort the card sets using as many different sorting strategies as possible. That is, participants have to switch to a new sorting strategy on each trial in order to achieve good scores. In contrast, in the structured sorting condition, the examiner sorts the card set according to different strategies, and the participant has to identify the employed strategy. Here, we used the three primary measures of the sorting test for our analyses: (1) the freesorting description score (''freesorting score'') and (2) the number of confirmed sorts score from the spontaneous sorting condition and the (3) sort-recognition score from the structured condition. While the freesorting score reflects the abstraction level of the correctly described strategies, the number of confirmed sorts score describes the total number of different strategies a subject has used in the spontaneous condition. The sortrecognition score, on the other hand, reflects the number of sorts correctly identified in the structured condition.
Statistical analyses
Statistical analyses were conducted using SPSS 15.0 (SPSS Inc., Chicaco, IL, USA). We used a two-step approach in order to analyze the data. In a first step, we aimed to explore whether and how gray matter volume of all network nodes, functional connectivity of the FC components as well as all subscales of the UPPS are related to performance in the card-sorting test. For this first analysis, partial correlations (controlling for age and sex) were calculated between each of the three scores of the card-sorting test (i.e., number of confirmed sorts, freesorting score, sortrecognition) and (1) GMV of each region of the core multiple-demand network, (2) FC scores of the sub-networks revealed by PCA and (3) the five impulsivity scores of the UPPS. The results of each analysis were Bonferronicorrected for the number of tests performed, seperately for each card-sorting score. To explore how the different parameters are intercorrelated, we additionally correlated all measures with each other.
With these first explorative analyses, we determined the variables that we used in the second analysis step to test our specific hypothesis. In this second step, we tested whether GMV, functional connectivity and personality together explained more variance of card-sorting performance than each parameter alone.
This was done by predicting card-sorting performance with a hierarchical linear regression analysis. Only those card-sorting measures, featuring correlations with impulsivity, FC and GMV were further assessed. In a first step, age and sex were included in the hierarchical regression, while subsequently all variables showing a significant (corrected for multiple comparisons) association with sorting performance were included in the analysis. The order of inclusion followed the strengths of the correlations. A hierarchical linear regression including only those variables that feature a significant correlation with sorting performance was chosen given the strong intercorrelations (multicollinearity) between the different variables of GMV, FC and impulsivity. To rule out suppressor effects, a stepwise linear regression analyses with simultaneous consideration of all variables was additionally performed.
Results
The multiple-demand network
In order to determine a network of regions consistently involved in three key sub-components of executive functioning, a conjunction across the three networks derived from meta-analyses investigating attention, working memory and inhibitory control was calculated (extent threshold of 50 voxel). This yielded seven clusters, mainly located in the frontal lobe ( Fig. 1) : midcingulate cortex extending into pre-and supplementary motor area (MCC/ SMA), left and right anterior insula (aINS), left and right inferior frontal junction/gyrus (overlapping area 44; Amunts et al. 1999; Clos et al. 2013) , right middle frontal gyrus as well as right intraparietal sulcus (overlapping PFm and hlP2; Caspers et al. 2006; Choi et al. 2006) .
Correlations between card-sorting performance and gray matter volume Correlations of the three card-sorting measures with GMV of the above-defined regions of the multiple-demand network revealed positive correlations between GMV of the right aINS and number of confirmed sorts (r = .22, p \ .05; Fig. 2c ) as well as freesorting score (r = .20, p \ .05). However, both correlations did not survive correction for multiple comparisons.
Correlations between card-sorting performance and functional connectivity
The principal component analysis revealed seven components, which explained 75 % of the original 21 functional connectivity scores. Details about the composition of the different components (sub-networks) are shown in supplement table S1.
Correlations of card-sorting performance and FC of those seven sub-networks revealed significant positive correlations of component six (cingulo-insula functional connectivity) with number of confirmed sorts (r = .24, p \ .05, Bonferroni-corrected; Fig. 2b ) as well as the freesorting score (r = .24, p \ .05, Bonferroni-corrected).
None of the other FC components showed a significant association of functional connectivity with card-sorting performance.
Correlations between card-sorting performance and impulsivity scores Correlations of card-sorting performance and impulsivity scores revealed significant positive correlations between Premeditation and both the number of confirmed sorts (r = .26, p \ .05, Bonferroni-corrected; Fig. 2a ) and freesorting score (r = .24, p \ .05, Bonferroni-corrected). Further correlations of number of confirmed sorts with Perseverance (r = .20, p \ .05) and Sensation Seeking (r = .18, p \ .05) as well as of freesorting score with Perseverance (r = .18, p \ .05) did not remain significant after correcting for multiple comparisons.
Intercorrelations of gray matter volume, functional connectivity and impulsivity While correlations between GMV and FC, GMV and impulsivity, as well as FC and impulsivity were rather low and only partly significant at an uncorrected level (see Supplementary Tables S2 and S3 ), intercorrelations were high and significant between GMV of the different regions, between the strengths of the different functional connectivity components as well as between the impulsivity subscales (see Supplementary Tables S4-S6 ).
Hierarchical regression predicting card-sorting performance
We then examined whether FC and self-reported impulsivity together predicted card-sorting performance better than each parameter alone. That is, we investigated whether Premeditation explained unique variance in cardsorting performance beyond that explained by cinguloinsula FC.
At last, although GMV of the right aINS did not survive correction for multiple comparisons, in a final step, we also included that parameter to assess if it explained any unique variance of card-sorting performance beyond that explained by Premeditation and cingulo-insula FC. The order of predictor inclusion in the regression model followed the strengths of the correlations with the criterion. We calculated one regression predicting the number of confirmed sorts, which will be presented in the following section. The analysis with the freesorting score as criterion led to similar results and will be presented in the supplement table S7. The hierarchical linear regression was calculated using SPSS (Table 1 ). In the first step, age, sex and Premeditation scores were entered into the model, which accounted for 16.3 % of the interindividual variance in card-sorting performance (F 3,124 = 8.07, p \ .05). In the next step, cingulo-insula FC was additionally entered, leading to an increase of 4.7 % in explained variance (F 4,123 = 8.20, p \ .05). In the third step, GMV of right aINS was entered, which additionally accounted for 4.6 % of the variance (F 5,122 = 8.40, p \ .05). In sum, 25.6 % of the interindividual variance in card-sorting performance could be explained by age, sex, Premeditation, cingulo-insula FC and GMV of the right aINS (Table 1) .
Stepwise linear regression with simultaneous consideration of all variables resulted in the inclusion of the three variables in the hierarchical regression (GMV of the right aINS, cingulo-insula FC, Premeditation) with no further improvement of the model by including any other variable (R 2 = 0.25, p \ .05). At last, two further hierarchical regression analyses were calculated with one additionally entering squared effects of the three predictors and the other including interaction terms of age and the three predictors. This was done to rule out potential nonlinear and interaction effects with age. These alternative analyses did not reveal any further improvements and only non-significant effects of the steps where squared or interaction terms were entered (see Supplementary Tables S8 and S9 ).
Discussion
In this study, we used a two-step approach to (1) explore whether and how structural (regional GMV) and functional (interregional FC) brain characteristics as well as personality factors are associated to performance in a test measuring cognitive flexibility and (2) test the hypothesis that GMV, FC and personality characteristics together explain more variance in cognitive flexibility than each parameter alone. In contrast to previous studies, GMV and FC were investigated within an a priori-defined network of brain regions associated with executive functioning. This network was formed by regions that were consistently found across three large-scale neuroimaging meta-analyses. In this way, we restricted our analysis to regions that were robustly associated with executive functioning across a range of paradigms requiring cognitive control (i.e., vigilant attention, working memory and inhibitory control). Our analyses revealed that card-sorting performance as a measure of cognitive flexibility was positively correlated with cingulo-insula FC as well as the impulsivity dimension Premeditation. GMV of the right aINS was also positively correlated with card-sorting performance, but did not survive the stringent significant level corrected for multiple comparisons. However, results revealed that GMV, FC and Premeditation together accounted for more variance of card-sorting performance than each parameter alone.
The multiple-demand network derived from three different meta-analyses There has been a long-standing controversy about the exact definition of executive functioning. As a result, the associated neural correlates likewise vary depending on the different tasks used to measure executive functioning. However, Duncan (2010) noticed that a similar network, consisting of frontal and parietal regions, is consistently been recruited during tasks requiring different cognitive demands. The current study therefore aimed to identify such core multiple-demand network by using a novel metaanalytic approach. According to Alvarez and Emory (2006) , working memory, attention and inhibition are the key sub-components of executive functioning, with the specific contribution of each of these components to the overall performance depending on the particular task. We therefore defined the multiple-demand system by including only those regions that were robustly associated with all three sub-components across many neuroimaging studies. To this end, we performed a conjunction across three metaanalyses dealing with working memory (Rottschy et al. 2012) , attention (Langner and Eickhoff 2013) and inhibitory control ). This approach yielded a set of seven regions consistently implicated across all three meta-analyses. This network greatly resembles the multiple-demand network suggested by Duncan (2010) , encompassing MCC/SMA, bilateral inferior frontal junction/gyrus, right middle frontal gyrus but also bilateral aINS and right inferior parietal cortex and intraparietal sulcus (IPC/IPS). Thus, by using the results of different meta-analyses (each integrating several dozens of neuroimaging findings), we were able to robustly identify the core multiple-demand network and therefore the regions of interest for the current study. In a next step, we then assessed how task-unspecific parameters of this network like gray matter volume and functional connectivity relates to performance in a specific task measuring one of the core aspects of executive functioning, namely cognitive flexibility.
Functional connectivity and cognitive flexibility
When correlating the seven FC components within the meta-analytically defined multiple-demand network, a significant relationship was found between card-sorting performance and the component including FC between bilateral aINS and the midcingulate cortex/supplementary motor area (MCC/SMA). Thus, our results indicate that FC between the aINS with MCC/SMA has a crucial influence on individual executive functioning, with stronger interaction between these regions going along with better cardsorting performance. Importantly, with regard to the MCC/ SMA, it has to be noted that previous studies often refer to this region as the dorsal anterior cingulate cortex (ACC), although the location of their discussed cingulate region corresponds well to the midcingulate cortex. This discrepancy is most likely attributable to now obsolete tworegion classification of Brodmann that is still used at times, while the current study employs the more recent fourregion division of Vogt et al. (2004) . Thus, for the sake of avoiding confusion in the further discussion, ''MCC'' instead of ''dorsal ACC'' is used for labeling this region.
A high probability for co-activation of the bilateral aINS with the MCC/SMA is a well replicated finding (for example Lie et al. 2006; Hoffstaedter et al. 2013; Chechko et al. 2012; Veldhuizen et al. 2011; Jackson et al. 2005; Langner et al. 2012) . Thus, bilateral aINS and the MCC/ SMA are thought to form a core ''salience network,'' relevant for entering and maintaining a cognitive set (Dosenbach et al. 2006 ) and initiating cognitive control signals (Menon and Uddin 2010) in order to regulate activity in other systems/networks (Sridharan et al. 2008) . Even though these interpretations differ in some aspects from each other, they all have in common that they grant the aINS and the MCC/SMA a key role in guiding goaldirected planning and behavior. Interestingly, when looking at FC between all regions within our multiple-demand network, we find precisely the interaction within the salience network, i.e., between the aINS and the MCC/SMA, to be significantly associated with card-sorting performance.
Similarly, but by investigating FC during fluid reasoning, Ebisch et al. (2013) reported a stronger interaction between right aINS and MCC/SMA being associated with fewer errors during fluid reasoning. Thus, connectivity between right aINS and MCC/SMA seems to be important for exerting cognitive control to avoid errors. In contrast, Ham et al. (2013) demonstrated that effective connectivity from MCC/SMA to left aINS is modulated by the occurrence of errors. That is, the connectivity strength between those two regions changed after participants made mistakes, indicating adaptation processes and stronger need for executive control. This assumption was supported by significant correlations between connectivity strength and the extent of change in behavior after an error occurred (Ham et al. 2013) . This indicates that the MCC/SMA may be crucial for executive functioning as it projects and signals to left aINS when an adjustment of behavior is required. In context of the card-sorting test, adaptation and adjustments are in particular relevant, as the individual has to take previous sorting strategies and behavior into account.
That is, one has to keep in mind which sorting strategies have already been adopted and adjust behavior according to it.
Moreover, regions of the salience network, that is aINS and MCC/SMA, have recently received more and more attention in clinical studies. Specifically, in schizophrenia, it has been shown that this network plays a major role in the disorder, indicated by reports of aberrant connectivity within the salience network (Pu et al. 2012; Manoliu et al. 2013) , but also by altered connectivity between salience and other resting-state networks, for example the central executive network (Manoliu et al. 2013 ). Thus, with regard to the results of the current study, it might be speculated that these connectivity deficits in schizophrenia might be associated to poorer executive functioning in this patient group (Orellana and Slachevsky 2013) .
In addition, Bonnelle et al. (2012) showed in patients with traumatic brain injury that white matter integrity between aINS and MCC/SMA is not only related to (de)activation abnormalities in the default mode network but also to behavioral deficits. In particular, fractional anisotropy between right aINS and MCC/SMA correlated with performance of tasks requiring executive control, i.e., a stop signal and a stroop task.
In summary, our results point especially to the salience network as having an important influence on cognitive flexibility. These results thus fit well with the common view that the salience network is crucial in situations where goal-directed behavior is required but also with clinical studies demonstrating alterations within this network in disorders going along with executive deficits.
Gray matter volume and cognitive flexibility
In addition to cingulo-insula FC, correlation of card-sorting performance with GMV of the regions of the multipledemand network revealed a positive correlation of cognitive flexibility with GMV of the right aINS. However, it should be taken into account that this correlation could only be found on the uncorrected level and this relationship should therefore be interpreted with caution. Nevertheless, hierarchical regression analysis shows that in addition to FC and impulsivity, GMV of the right aINS explains another 5 % of variance in card-sorting performance, which can not be explained by the other two predictors. Given that the amount of uniquely explained variance is virtually identical to that explained by the cingulo-insular FC (which was significant when correcting for multiple comparisons), we would argue that GMV of the right aINS should also be considered as a relevant influence on interindividual differences in cognitive flexibility.
Several studies have demonstrated that the (inferior) frontal cortex plays a major role in executive processes (Nyhus and Barcelo 2009 ; for review see Alvarez and Emory 2006) . In contrast, the adjacent aINS has rather been neglected in this context. However, given its close proximity to the inferior frontal cortex, the aINS as identified by our meta-analytic approach is possibly often part of some of those reported inferior frontal clusters and therefore not specifically mentioned. Alternatively and especially in the context of cognitive control, the aINS might sometimes be mislabeled as inferior frontal cortex (Swick et al. 2011 ). In addition, even though there are studies reporting the insula in executive functioning tasks (Lie et al. 2006; Specht et al. 2009 ), its specific role has in this context hardly been discussed. Nevertheless, there is growing evidence that the aINS plays a major role in cognitive and attentional control (Menon and Uddin 2010; Dosenbach et al. 2006; Kurth et al. 2010 ). In particular, according to Dosenbach et al. (2006) , the aINS is part of a system managing central and core executive functions by signaling the beginning of a task, sustaining activity during the task and receiving error signals in order to optimize performance. Importantly, this system is domain-unspecific and can be found across different types of tasks (Dosenbach et al. 2006; Kurth et al. 2010) . Additionally, it has been suggested that the aINS is part of the salience network (Seeley et al. 2007 ) and plays a crucial role in the initiation of cognitive control signals to modulate activity in other networks (Sridharan et al. 2008) . That is, when detecting something salient, the aINS, in particular on the right side, activates task-relevant networks while concurrently deactivating regions that are irrelevant for the particular task, for example, the default mode network (Sridharan et al. 2008) . The current finding of a positive correlation between right aINS GMV and card-sorting performance might therefore indicate that subjects with greater GMV of the aINS are better at detecting salient and/or task-relevant signals, are therefore more efficient in activating executive and deactivating default mode regions and, as a result, perform better on executive tasks. Conversely, a decrease in GMV of the right aINS might go along with less efficiency to switch between task-irrelevant and task-relevant networks and, therefore, worse executive functions. This idea is in line with Yuan et al. (2012) , who also argue for a key role of the fronto-insula cortex in the development of reasoning abilities based on a significant correlation between insula volume and fluid intelligence (Yuan et al. 2012) . As measures of fluid intelligence and measures of executive functioning are highly intercorrelated (Diamond 2013), our results thus further support the involvement of the salience network, especially the right aINS, in executive functioning.
This view is also in line with clinical studies reporting structural differences in the aINS between patients and controls. In particular, decreased aINS GMV was found in patients with addiction (Moreno-Lopez et al. 2012), schizophrenia (Ellison-Wright et al. 2008; Bora et al. 2011; Radua et al. 2012; Pu et al. 2012; Shepherd et al. 2012) , ADHD (Lopez-Larson et al. 2012 ) as well as borderline personality disorder (Soloff et al. 2012) . Our current results suggest that this decrease in aINS volume might be related to executive functioning deficits. In line with this assumption, poorer executive functions have been reported in all these patient groups (Albein-Urios et al. 2012; Cunha et al. 2010; van der Plas et al. 2009; Haaland and Landro 2009; Willcutt et al. 2005; Orellana and Slachevsky 2013; Behrwind et al. 2011) . Thus, the observed decrease in anterior insular GMV may be regarded as one neural substrate of executive deficits in these patient groups.
In summary, our results demonstrate that GMV of the right aINS influences how an individual performs on a test of cognitive flexibility. In particular, greater GMV of the right aINS possibly leads to better detection of salient events and more efficiency in up-regulating task-relevant executive and down-regulating task-irrelevant networks, which then as a result leads to better cognitive flexibility.
The role of the frontal cortex
It is noteworthy that we did not find any correlations of card-sorting performance with FC or GMV of the inferior frontal junction/gyrus and middle frontal gyrus. This finding, at the first glance, seems to contradict previous lesion and fMRI studies, implicating a key role for the frontal cortex in executive functioning (Buchsbaum et al. 2005 ; for review see Alvarez and Emory 2006; Nyhus and Barcelo 2009) . However, such interpretation may be a misunderstanding of the current study. In particular, it should be noted that these regions were revealed as key neural correlates of tasks probing executive functioning by the conjunction across the three meta-analyses. Thus, our results do support the crucial role of frontal cortices in diverse tasks of executive functioning. What we did not find, however, is an association between the interindividual differences in volume or FC of these regions on the one hand and interindividual differences in performance in a prototypical executive functioning task on the other. That is, while these regions are implicated in cognitive functioning, the current parameters extracted from them do not relate to individual performance levels. In this context, we note that a previous study investigating the relationship of brain structure and executive functioning by Fine et al. (2009) reported a significant prediction of card-sorting performance by the (entire) left frontal lobe volume in a group of patients and healthy subjects. When comparing this study with the current one, we, in contrast to Fine et al.'s study, functionally defined a specific core network for which we assessed GMV, while Fine et al. rather unspecifically investigated full lobe volumes. Furthermore, that study did not investigate the volume of the aINS, or, more precisely, it is not clear whether or not the insular cortex was not analyzed or included as part of the temporal or frontal lobe. Thus, the current study now indicates that when specifically investigating GMV of regions associated with executive functioning, only GMV of the right aINS significantly correlates with card-sorting performance.
However, given that the frontal cortex has been discussed as playing a main role in executive processes, the absence of significant associations with frontal regions is still somewhat surprising. We would argue that frontal regions might be more domain-specific and play a minor role in the (rather global) executive capacities required for card-sorting performance. In line with this view, Dosenbach et al. (2006) demonstrated that the anterior prefrontal cortex, in contrast to aINS and MCC/SMA, did not show activity across different types of tasks but rather only in certain conditions. Thus, our results do not rule out potential relationships of performance in other executive tasks with structure and function of frontal regions of the multiple-demand network. Rather, they underline the overarching role of the cinguloinsular network in executive functioning previously highlighted, e.g., by Dosenbach et al. (2006) . Alternatively, the inclusion of age (and gender) as a control variable could provide another possible explanation for this apparent discrepancy. It has been demonstrated that substantial age-related volume changes can be found in the (pre)frontal cortex (Raz and Rodrigue 2006; Drag and Bieliauskas 2010) , which is possibly associated with the agerelated decline in executive functioning. Thus, in the current study, GMV and FC of the frontal regions did not explain any specific variance in individual cognitive flexibility on top of what is already explained by age. Thus, the frontal regions of the multiple-demand network seem to show no (significant) relation to interindividual differences in card-sorting performance after accounting for general age effects.
At last, it has to be noted that we focused on the relationship between cognitive flexibility and parameters of brain structure and function measured in the absence of a task. Thus, based on our results, we can not draw any conclusions with regard to how brain activity measured during actually performing the card-sorting test relates to performance.
In summary, on the one hand, our results of the conjunction across the results of three different meta-analyses, showing a network which encompasses mainly frontal regions, strongly supports that activity in those regions is crucial for executive functioning. However, on the other hand, when specifically focusing on task-unspecific brain parameters and their relationship to performance in cognitive flexibility, it is more the structure and functional connectivity of the cingulo-insular ''salience network'' that relates to interindividual differences.
Impulsivity and cognitive flexibility
At last, a positive correlation was found between the impulsivity dimension Premeditation and card-sorting performance. It has to be noted that higher scores on this impulsivity scale reflect less premeditation and therefore greater impulsivity. Thus, the positive correlation between Premeditation and card-sorting performance indicates that participants who described themselves as often acting spontaneously without considering possible consequences perform better than participants reporting higher levels of thoughtfulness and deliberation. At first glance, this result might seem rather surprising, given that many studies reported poorer executive functioning and cognitive performance in disorders related to increased impulsivity such as ADHD, addiction or Borderline Personality Disorder (Gonzalez-Gadea et al. 2013; Haaland and Landro 2009; Verdejo-Garcia and Perez-Garcia 2007; Albein-Urios et al. 2012; Cunha et al. 2010; van der Plas et al. 2009 ). However, these patients only represent the extreme end of the continuum of impulsivity, and results are possibly confounded by factors other than the personality trait, i.e., other aspects of the disorder that may influence cognitive performance. We here analyzed a sample of healthy subjects, which vary in the amount of impulsivity but without any extreme scores. It may therefore be speculated that performance in a cognitive shift task improves with higher impulsivity only until a certain (non-pathological) level of impulsivity and goes back down beyond that (i.e., with extremely high impulsivity, as in certain disorders). Because of the lack of extreme scores in the current sample, we might not have captured such an inverted U-shaped relationship. Thus, it seems that in the healthy population, a certain degree of impulsivity has a positive effect on cognitive performance.
However, the relationship between impulsivity and cognitive performance might vary depending on the task to be performed. According to the ''attentional fixity'' theory (Dickman 1993) , high-impulsive individuals perform poorer on tasks where attention has to be fixed, whereas their performance is better in tasks where attentional and cognitive shifts are required. As the card-sorting test, as a measure of cognitive flexibility, requires frequent and speeded shifts of cognitive sets (Swanson 2005) , the observed positive correlation agrees well with this theory. That is, low-impulsive individuals, who tend to focus attention, need more time in order to obtain a new strategy and therefore achieve less different sorts, whereas high impulsivity goes along with better attention switching and less time needed to change strategy. As a result, individuals scoring high on impulsivity are able to apply more different sorting rules than low-impulsive ones and, as our results show, therefore perform better on tests of cognitive flexibility.
In summary, our results thus indicate that within the non-pathological range, higher amounts of impulsivity go along with more flexible thinking. Importantly, this effect might be highly dependent on the performed task and is thus probably only true in situations where attention has to be shifted.
Different neural parameters and impulsivity account for the same but also different variance Finally, we tested whether GMV of the right aINS, cingulo-insula FC as well as Premeditation account for equal or specific variance of card-sorting performance. That is, are the contributions converging or complementary? Our results point to the latter, as we could demonstrate that all three parameters together explain more variance than every variable alone, indicating that they explain different aspects of variance. This highlights that the basis of cognitive performance is highly complex and a synergy of several different factors has to be taken into account. That is, in order to understand cognitive performance, one should not only take into account different brain regions but also different modalities, i.e., structure, function or other individual characteristics. In light of the findings, it thus appears that dysexecutive symptoms found in various psychiatric and neurological diseases cannot be explained in a simple way. Rather, there are several modalities, which individually have an influence, and in addition to ''dysconnectivity,'' also GMV and personality traits contribute to overall executive performance. That is, impaired executive capacities in these patients are most probably associated with multiple different factors with each factor possibly being differently affected across patients. Our results therefore indicate that various factors contribute individually to cognitive flexibility, underlining the need to search across multiple modalities when aiming to unveil the mechanisms behind dysexecutive symptoms found in several psychiatric and neurological diseases.
We side with the idea that the right aINS detects salient events and is especially responsible for entering the required cognitive state. This is mainly achieved by activation of the rest of task-relevant executive and deactivation of the task-irrelevant default mode network. The higher the GMV of the right aINS, the more effectively these processes may be implemented, resulting in fewer errors and better performance. In contrast, FC between aINS and MCC/SMA might modulate adaptation processes that are relevant for the specific task, for example, adjusting behavior to previous events such as preceding behaviors or the occurrence of an error. The stronger the interaction between MCC/SMA and aINS, the better are the adjustments and, therefore, the better is the cognitive outcome.
Impulsivity, on the other hand, most likely influences performance indirectly. For example, it might have an impact on default mode function, given the relevance of socioaffective processes within this network (Schilbach et al. 2012 ). Thus, high-impulsive individuals might have a lesser tendency to remain in the default mode state than low impulsive. That is, high impulsivity might go along with more flexible switching between networks and with less stable representations of default and task states, which in turn facilitates the aINS in switching between networks. As efficient regulation of the default mode network is crucial for cognitive performance (Kelly et al. 2008; Bonnelle et al. 2012) , this then in turn influences how efficiently an executive task is conducted. However, how precisely impulsivity relates to the default mode network remains to be investigated.
In summary, the current findings indicate that cognitive flexibility can be predicted by GMV and FC of specific brain regions as well as by subjective impulsivity. Impairments of the aINS and the MCC/SMA, not only on the structural level but also on their functional interconnectivity, may lead to inefficiency in adequately up-regulating regions of the multiple-demand network and downregulating the default mode network, which appears to be additionally affected by the degree of self-reported impulsivity. Together, this might then lead to poorer cognitive flexibility. Our results therefore highlight that multiple modalities as well as factors and parameters which are not necessarily task-specific must be taken into account in order to be able to understand the neural basis of executive functioning.
